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We  present  a new  closed-loop  MR-compatible  delivery  system  for caloric  vestibular  stimulation  (CVS)  during  fMRI.
Chilled  and  hot  water  are  repeatedly  circulated  simultaneously  to  left and  right  ear  canals  for robust  CVS.
In-scanner  eyetracking  reveals  the onset  of  caloric  nystagmus  within  the  stimulation  period.
Functional  MRI  on  a sample  of  13 participants  reveals  activations  in parieto-insular  vestibular  cortex  (PIVC)  and  related  cortical  areas.
This  CVS  delivery  system  can  be  combined  with  optic  ﬂow  motion  stimuli  to study  multisensory  interactions  underlying  self-motion  perception.
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Background:  Self-motion  perception  involves  the  integration  of  vestibular,  visual,  somatosensory  and
other  sensory  cues.  The  neural  responses  to  caloric  vestibular  stimulation  (CVS)  in  humans  have  been
investigated  with  functional  magnetic  resonance  imaging  (fMRI).
New  method:  We  developed  an  fMRI-compatible,  bithermal  caloric  stimulation  device  for repeated  CVS.
Tempered  water  is pumped  via  a closed-loop  tube-system  to one  or both  ear  canals.  Water  temperature
transmits  to the  surface  of the  ear  canal  via  a small  glass-pod.  For  our  purposes  we  used hot (47–49 ◦C),
cold  (5–7.5 ◦C), or warm  for baseline  (30–32.5 ◦C).  The  pods  are  integrated  in the  MRI ear  protection  and
connected  to water  inﬂux  and  efﬂux  tubes.  With  our device  we  can  apply  multiple  vestibular  stimulation
and  baseline  trials  consecutively.  Control  measurements  indicate  that  the  applied  temperatures  are stable
across  trials.  MRI-signal  differences  due  to water ﬂow and  water temperature  are  restricted  to the  area
surrounding  the  pod  and  are unlikely  to intrude  into  brain  tissue.
Results:  Vestibular  stimulation  with  our  device  elicits  caloric  nystagmus  when  no  central  ﬁxation  is pre-
sented.  We  validated  our  system  by  conducting  a CVS  experiment  during  fMRI-scanning.  Participants
indicated  the presence  or absence  of a self-motion  sensation.  Periods  of  self  motion  yielded  activation  in
the  cortical  vestibular  network  including  putative  human  parieto-insular  vestibular  cortex  (PIVC).
Comparison  with  existing  methods:  Our closed-loop  device  eliminates  many  problems  associated  with
caloric  stimulation  during  fMRI.
Conclusions:  Our  device  allows  researchers  to  explore  neural  responses  to CVS  and  those  evoked  by
combined  sensory  stimulation.
©  2014  Elsevier  B.V.  All  rights  reserved.. IntroductionThe vestibular sense is a primary sensory system that provides
s with information about our current position and acceleration in
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165-0270/© 2014 Elsevier B.V. All rights reserved.space. It closely interacts with the visual system for the perception
of self motion that arises when we move through our surround-
ings (Britten, 2008; DeAngelis and Angelaki, 2012). The vestibular
sensors lie in the inner ear next to the cochlea of the auditory sys-
tem in a structure called the bony labyrinth. The vestibular part
of the labyrinth contains two otoliths (utricle and saccule) for the
sensation of linear acceleration and gravity and three semicircular
canals ﬁlled with endolymph for detection of angular acceleration.
Afferents of the vestibular nerve propagate the information to the
vestibular nuclei in pons and medulla, to posterolateral thalamus,
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nd ﬁnally to cortex. This projection is referred to as the vestibulo-
halamo-cortical pathway (see Dieterich and Brandt, 2008). Other
estibular pathways project to the cerebellum, to medulla and pons
n the brainstem, and to the spinal cord.
In primates several cortical areas have been identiﬁed for ves-
ibular processing (see DeAngelis and Angelaki, 2012; Guldin and
rüsser, 1998; Lopez and Blanke, 2011, for reviews). Parieto-insular
estibular cortex (PIVC; Chen et al., 2010; Grüsser et al., 1990;
uldin and Grüsser, 1998) is often considered a core unit of the
ortical vestibular system (e.g. Dieterich and Brandt, 2008; Lopez
nd Blanke, 2011).
Studies in monkeys used inertial motion of a platform where the
nimal was seated in a Bárány chair or on a moving platform for ves-
ibular stimulation (see Chen et al., 2010; DeAngelis and Angelaki,
012). A similar technique was applied in humans for psychophys-
cal vestibular testing (Probst et al., 1995) and during simultaneous
lectroencephalographic recordings (Loose et al., 1999). The possi-
ility to move the participant is greatly restricted inside the scanner
besides illusionary induced self motion via visual motion cues, e.g.
ardin and Smith, 2010) and thus most studies involving positron
mission tomography or functional magnetic resonance imaging
fMRI) used caloric, galvanic, or auditory vestibular stimulation
Lopez et al., 2012a). Of all three techniques caloric stimulation
s the most frequently used approach (see Lopez et al., 2012a; zu
ulenburg et al., 2012). It also plays an important role in clinical
estibular function testing (Brandt and Strupp, 2005; Dieterich and
randt, 2008).
Caloric vestibular stimulation (CVS) uses hot and/or cold tem-
eratures of water or other media that are applied to the ear canal
nd induce circulatory movements of the endolymph primarily in
he horizontal semicircular canal located closest to the ear canal
Wuyts et al., 2007). Previous imaging studies provided tempera-
ure stimulation by means of direct injection of tempered water
Deutschländer et al., 2002; Dieterich et al., 2003; Suzuki et al.,
001), tempered air (Naito et al., 2003), or cooled nitrogen gas
Fasold et al., 2002) into the ear canal. Increasing the temperature
f the endolymph in the horizontal canal evokes current move-
ent toward the ampulla, a dilatation of the canal that contains
he sensory neurons, whereas cold has the opposite effect (Bárány,
907). Endolymph ﬂow toward the ampulla depolarizes the sen-
ory cells in the horizontal semicircular canals, thereby increasing
ring in the vestibular nerve. If the ﬂow is directed away from the
mpulla the sensors are hyperpolarized and vestibular nerve ﬁring
s diminished compared to the ﬁring rate during resting (baseline).
An advantage of the caloric approach is the stimulation of a
peciﬁc vestibular sensor that evokes percepts of self motion in
istinguishable directions. In our fMRI-experiment about which
e will report below participants described the induced sensa-
ion of self motion as rotation in the roll- or yaw-plane (see also
eutschländer et al., 2002; Dieterich et al., 2003; Fasold et al.,
002) and predominantly indicated self motion away from the side
f cold stimulation. Drawbacks of CVS, especially with tempered
ater, are that circulating water can lead to artifactual changes in
he MRI-signal (Lobel et al., 1998), the problem of collecting the
sed water while the participant is still inside the scanner (see
eutschländer et al., 2002; Dieterich et al., 2003; Suzuki et al.,
001), and delays associated with temperature transduction within
he temporal bone (Barnes, 1995).
Galvanic stimulation applies electrical current to the left and
ight neck mastoid processes and excites the entire vestibular
erve. This approach provides strong vestibular stimulation and
licits sensations of self motion, however, since all vestibular
fferents are activated, the sensation is not merely experienced
s simple rotation of the head to the left or right in the roll-
yaw-planes, but is more complex (Smith et al., 2012; Stephan
t al., 2005). Brief auditory sounds of high intensity can lead toscience Methods 235 (2014) 208–218 209
stimulation primarily in the saccular otolith, however, so far only
few studies applied this technique for vestibular stimulation during
functional imaging (e.g. Schlindwein et al., 2008).
We aimed to construct a caloric stimulation device that is com-
patible with the MRI-scanner environment while overcoming some
of the previously mentioned problems of this technique. Our device
enables us to perform multiple, consecutive stimulations with the
same or different temperatures in either one or both ears (bither-
mal  caloric stimulation, Anderson, 1995). It is a closed-loop system
that avoids problems associated with water collection inside the
scanner (see Mast et al., 2006, for a similar approach in a behavioral
experiment).
In the following we  will report on technical details of this new
caloric stimulation device. We  found that MRI-signal differences
due to water circulation and water temperature are restricted to
the immediate vicinity of the stimulation pods in the outer ear. CVS
with our system elicited nystagmus when no central target was pre-
sented. We  also conducted a vestibular localizer in 13 participants
during fMRI-scanning. In this experiment participants indicated the
presence or absence of self-motion sensations to the left or right.
Based on previous ﬁndings we  expected to ﬁnd activation in the
cortical vestibular network including putative human PIVC dur-
ing periods of perceived self motion and concurrent CVS with our
device.
2. Methods
2.1. Vestibular stimulation device
Our vestibular stimulation device allows for bithermal caloric
stimulation using hot and cold distilled water. The water remains
inside a closed-loop system and does not enter the ear canal.
Fig. 1a shows the scheme of the stimulation apparatus. Images
of the actual device are shown in Figs. 1b–d and 2. The following
equipment is required to build the system: three plastic barrels,
two temperature sensors, two  mini-pumps, eight plastic tubes, a
switching device to stimulate left and right ears with different
water temperatures, two rigid glass-pods (each connected to a
water inﬂux and efﬂux tube) that are integrated in the left and
right side of the MRI  ear protection, and a plastic relay plate with a
belt that is worn by the participant. In the following we  will discuss
every piece of the device in more detail and explain the mode of
operation for the entire system.
Two  barrels that can hold 25 l each are used to store hot and
cold water (see 1 in Fig. 1a and b). Electronic thermometers (Hanna
Instruments US, Woonsocket RI, USA) were placed in each bar-
rel. Water was  heated to ∼50 ◦C (hot) in the one barrel or cooled
with crushed ice to ∼0 ◦C (cold) in the other barrel before starting
vestibular stimulation. We  measured temperatures continuously
with thermal sensors and kept temperatures at constant levels
throughout each vestibular experiment. This was  done by reﬁll-
ing the respective barrel with either hot water or crushed ice. The
third barrel had a volume of 50 l and it collected all returning water
(5 in Fig. 1a and b). Two mini-pumps (Barwig Wasserversorgung,
Bad Karlshafen, Germany) achieving a pressure of 0.6 bar each were
placed deep inside the hot- and cold-water barrels. They are con-
nected to two plastic tubes (red and blue solid lines on the left
in Fig. 1a, diameter: 11 mm)  and transport the tempered water to
the switching device (2 in Figs. 1a and b and 2a). The switching
device was  located on a table in the scanner control room (distance
between barrels and switching device: 1.5 m).The plastic switching device was designed to allow for unilateral
or bilateral stimulation with hot, cold, or warm. Same or different
temperatures can be applied to the left and right ear canals at the
same time. The device (see Fig. 2a for details) is custom-built and
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ssentially consists of four manually operated switches that open
r close the ﬂow of water in the tube passing through the switch
each tube is 4 mm in diameter). Two switches on the left side of the
anel open or close a value that allows or prevents the ﬂow of hot
nd cold water to the left ear. Two switches on the right side provide
ontrol over hot and cold water ﬂow to the right ear. The two tubes
ith hot and cold water coming from the barrels split up in two
ubes each on the switching panel (in a plastic bifurcation) and
onnect to the switches for hot left and hot right as well as cold left
nd cold right, respectively. Directly adjacent to the four switches
s a plastic manifold through which the tubes pass. Each channel
f the manifold is labeled at each of the four switches informing
he user about the water temperature and the side of stimulation
or each switch (labeled “warm” and “cold” in Fig. 2a for left and
ight ears). The switching panel is 24 cm × 20 cm in size. It is made
f durable plastic and has contact grip pads on the back side to
ssure stability during usage. We  will describe the operation of the
witches for stimulation with different temperatures in the next
ection.
For the application of hot water left, all but one switch (for the
ube carrying hot water to the left ear) have to be closed. For the
pplication of hot water left and cold water right (as shown in
ig. 1a, viewed from in front of the head), the switches for hot left
nd cold right remain open while switches for cold left and hot right
re closed. Finally, a baseline temperature (warm) is achieved by
pening all switches (i.e. hot left, cold left, hot right, cold right). This
s because tubes for hot and cold conjoin at a later stage (at the relay
late worn by the participant, see 4 in Figs. 1a and b and 2b). If hot
nd cold tubes for one side are both open, the differently tempered
ater will intermix at the relay plate to yield a baseline tempera-
ure of ∼30–32 ◦C. This temperature was selected since it could be
chieved by mixing hot and cold tempered water and it was  close
o body temperature. During baseline stimulation participants did
ot indicate temperature sensations that were noticeably different
rom no-stimulation. Also, sensations of self motion occurred only
arely during warm water ﬂow (see vestibular experiment below).
hus, we think that the chosen temperature of warm water pro-
ided an appropriate baseline condition with little stimulation of
he vestibular system. During baseline trials, no additional tactile
timulation occurred, because the glass pods did not change in size
uring water circulation, contrary to earlier CVS devices (Falconer
nd Mast, 2012; Lopez et al., 2012b).
The four plastic tubes (3 in Fig. 1a and b; displayed as solid lines
n red for hot, blue for cold, and gray for closed, i.e. no circulating
ater, in Fig. 1a) passed through the waveguide and entered the
canner room. The tubes are wrapped inside insulating black foam
heaths (see 3 in Fig. 1b). There were two separate insulated sleeves
or hot and cold water tubes. The two insulating sleeves contain-
ng the tubes are tied together with cable binders. This allows the
our tubes to form a dense conﬁguration that is good for handling.
t the same time this conﬁguration leads to slight cooling of the
ot and warming of the cold water, respectively, despite the indi-
idual insulation (see temperature measurements later). With a
istance of approx. 8.2 m the tubes were attached to the relay plate
t the waist of the participant (4 in Fig. 1a and b; Figs. 1d and 2b
or more details) that was fastened prior to lying down on the
canner bench. As mentioned previously hot and cold tubes con-
oin at the relay plate at the participant’s waist so that only one
nstead of two tubes leads to each ear (Fig. 2b). This ﬁnal tube had
 length of 0.7 m (diameter: 4 mm)  and terminates in a small glass
od (Figs. 1c and 2c for details). The pods were manufactured from
 glass tube by welding together the end of the tube. The glass
od had a plastic attachment (shaped like a ring) at the bottom
ith one input and one output hole for water inﬂux and efﬂux,
espectively. Another plastic tube (4 mm diameter, no foam shiel-
ing, 10.5 m long) was attached to the glass pod and drains the usedscience Methods 235 (2014) 208–218
water back to the scanner control room (see below). The glass pod
and the two  adjacent tubes were integrated into the ear protec-
tion and adjustable in position and length thus making the system
compatible with differently sized ear canals. We  instructed partic-
ipants to position the pods as deeply as possible in each ear canal
without creating any discomfort. Water is pumped into the pods
and leads to the heating or cooling of the glass and the skin surface
surrounding the pod. We  expected this to stimulate predominantly
the horizontal semicircular canals due to their close location to the
ear canal.
Two tubes (dotted red and blue lines in Fig. 1a; see also Fig. 2b)
drain the used water from every ear through the waveguide to
the 50-l collecting barrel located in the scanner control room (5
in Fig. 1a and b). We  stored all water in this barrel and reused it for
later experiments. Approximately 0.5 l of water circulated on each
trial that lasted 30 s (see vestibular experiment later).
As can be seen in Fig. 1d the stimulation device ﬁts well with
the limited space on the MRI-bench. All participants in the current
experiment conﬁrmed that neither the pods in the ear protection
nor the relay plate and waistline belt nor the water tubes bothered
them during the experiment.
We used bithermal stimulation with conditions of hot left and
simultaneously cold right, cold left and simultaneously hot right,
and warm simultaneously in both ears. Hot–cold trials served as
caloric stimulation trials. Moderate temperature (warm) was used
to create a baseline condition with little vestibular stimulation.
Compared to caloric stimulation by means of direct injection of
water, tempered air, or nitrogen gas into the ear canal our stimula-
tion device provides a milder temperature stimulus; therefore we
decided to use bithermal stimulation to increase intensity of ves-
tibular stimulation. However, our device also allows for unilateral
stimulation with hot, cold, or warm for baseline and thus is suit-
able for the investigation of laterality effects in cortical vestibular
processing (see Dieterich et al., 2003).
2.2. Temperatures at the surface of the stimulation pod
Outside the scanner we  conducted measurements of the ﬁnal
temperatures of hot, cold, and warm in the stimulation pod. A
metal sensor (Heraeus Sensor Technology, Kleinostheim, Germany)
was attached to the outer surface of one stimulation pod and it
measured the temperature with a sampling frequency of 5 Hz. A
volunteer was  placed in supine position on the ﬂoor in the control
room outside the scanner and he inserted the stimulation pod with
the attached temperature sensor in one ear canal. Room tempera-
tures in the control room and the scanner room were comparable
(both ∼23 ◦C). The participant underwent three conditions with a
total of 40 trials of 30 s each: 10 trials with hot, 10 trials with cold,
and 20 trials with warm stimulation. As in the fMRI-experiments,
hot or cold trials alternated with warm (baseline) trials.
The temperature curves for hot, cold, and warm water trials in
the sensor-equipped stimulation pod are shown in Fig. 3. Three
results emerge from the data: First, the device requires a tem-
poral gradient of approximately 10 s duration to reach a stable
steady-state level of stimulation (hot or cold). Accordingly, we
later computed vestibular-related brain-activation for the 15 s long
period of constant stimulation intensity following the initial 10 s-
ramp (indicated by the shaded gray area in the subplots of Fig. 3).
Second, same and different temperatures have a very similar time-
course across trials demonstrating reliability of stimulation. Third,
the ﬁnal temperature of hot (Fig. 3a) is slightly lower (47.5–49 ◦C)
than the temperature of hot water in the barrel (50 ◦C). Likewise
cold water had a temperature of 0 ◦C in the barrel, but was ∼5–7.5 ◦C
in the pod (Fig. 3b). As mentioned previously hot and cold tubes
were individually insulated by black foam padding but closely tied
together leading to slight heating or cooling. However, the slightly
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Fig. 1. Caloric stimulation device for MRI-compatible vestibular stimulation. (a) Scheme and functioning of the device. (1) Two barrels with hot and cold water were located
in  the scanner control room. Every barrel contained a mini-pump that pumped tempered water via two tubes to (2) a switching device. (3) Four tubes (solid lines) one
with  hot and one with cold water for every side of the head passed from the switching panel through the waveguide to the scanner room and transported the water to
the  participant. The participant wore (4) a relay plate and belt with the tubes attached. Two  tubes for hot and cold on either side conjoined to a single tube at the relay
plate.  This tube terminated in a small glass-pod contained in the MRI  ear protection (the big circle depicts the head of a participant with ear protection). There were two
more  tubes (dotted lines) attached to the pods that returned the used water to (5) a collecting barrel in the scanner control room. Arrows indicate the direction of water ﬂow. The
212 S.M. Frank, M.W. Greenlee / Journal of Neuroscience Methods 235 (2014) 208–218
Fig. 2. Close-up views of critical components of our caloric stimulation device. (a) Switching device for the application of different temperatures to the left and/or right ear
canals. Two tubes carrying hot and cold water from the respective barrels bifurcate at the switching device and are connected to two switches each on the left and right sides
of  the switching device. The two switches on the left side control the ﬂow of hot and cold water to the left ear canal. Two switches on the right side do the same for the right
ear  canal. As baseline condition all switches are open (shown here) and thus water can ﬂow. If a switch is turned to the left the tube underneath the switch is closed and the
ﬂow  of water in this tube is interrupted. The rectangular plastic manifold behind the switches is labeled with respect to the water barrel the tube is connected to (i.e. hot or
cold  water barrel) and to which ear canal each tube runs (left or right). Note that the label “warm” is intended for “hot” water stimulation (as shown in Fig. 3a); “warm” as
used  for our baseline condition (Fig. 3c) is realized by opening all tubes (shown here) so that the hot and cold water intermix at the conjunction of the hot and cold water
tubes  on the relay plate (Fig. 2b) thus providing a mixture of hot and cold water temperature (“warm”) at the stimulation pod. Also note that the connection “all back” (center
of  plastic attachment) was  not used in our ﬁnal setup. Instead, the two  tubes carrying the used water from either ear back to the scanner control room terminated directly in
the  collecting barrel (5 in Fig. 1a and b). This was done for practical reasons. (b) Close-up of the relay plate worn by the participant at waistline (4 in Fig. 1a and b). Four tubes
(for  hot and cold water to left and right side, hot and cold tubes in separate insulation sleeves) pass through a plastic manifold attached to the relay plate and then conjoin
before  entering a ﬁnal tube for water ﬂow to each ear. Also shown are two plastic tubes used for water reﬂow from each ear to the collecting barrel in the scanner control
room.  (c) Temperature stimulation pod. Two  tubes, one for water inﬂux and one for water efﬂux, are connected to the custom-built glass pod that is situated on a plastic
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arrel  outside the scanner. Note that pod and tubes are shown in isolation. In the a
For  a color version of the ﬁgure the reader is referred to the web  version of the art
educed temperature of the hot water made the stimulation more
omfortable for the participant and the slightly higher temperature
f the cold stimulus might have helped to reduce ice-water nystag-
us  (Batuecas-Caletrio et al., 2009). The ﬁnal temperatures in our
tudy are in the range of temperatures used in other caloric stimu-
ation experiments (e.g. Fasold et al., 2002; Naito et al., 2003; Suzuki
t al., 2001). Our particular selection of temperatures was related
o our interest in maximizing CVS within the 30 s trial periods.
Moderate temperature (warm, baseline) was  on average
0–32 ◦C, with slight variations depending on the temperature
f the preceding trial. If a hot trial preceded the baseline trial
hen the average baseline temperature tended to be higher (red
urves in Fig. 3c), whereas if a cold trial preceded baseline the
od temperature was slightly lower (blue curves in Fig. 3c). These
ifferential effects on the baseline temperature were likely caused
y heating or cooling of the conducting tubes in the preceding
rial. Since we always used hot in one ear and cold in the other
ar for vestibular stimulation, the pod temperature might have
een slightly different between ears on baseline trials. However,
articipants did not indicate any perceived difference in tempera-
ure on baseline trials between ears. Moreover, we  did not expect
witching device allows us to stimulate either ear or both simultaneously. Note that thes
e  under the control of a computer to fully automatize the entire stimulation protocol. T
r  a mixture of both = warm). In the depicted example we aimed to stimulate bilaterally w
rom  in front of the head). We did so by closing the water ﬂow in the tubes for cold left a
n  (a). Crushed ice was  used for cold-water cooling, whereas an electric teakettle was us
ere  attached, one for water inﬂux, the other for water efﬂux. Participants were instruc
ubes  were adjustable inside the ear protection. (d) Participant with the stimulation devi
he  web  version of the article.) water (hot, cold, or warm)  is pumped through one tube and one opening into the
en exits through the other opening and returns via the other tube to the collecting
experiments pod and tubes were integrated inside the ear protection (see Fig. 1c).
that slight variations of a temperature perceived as neutral (i.e.
neither hot nor cold) would have substantial effects on neural
activation. A workaround for this problem and a recommendation
for future studies is to have longer inter-trial intervals between
two caloric stimulation trials so that the baseline trial is long
enough for the temperatures to stabilize at ∼31 ◦C independently
of the temperature of the preceding hot or cold trial.
We  want to remark that the degree of temperature change
between water in the barrels and stimulation pod is also affected by
the length of the tubes and the pressure of the water pumps: Both
inﬂuence how long the water remains in the tubes before arrival at
the ears. Moreover, fastening together insulation sleeves contain-
ing hot and cold tubes might slightly reduce the difference between
hot and cold. Thus, for each experimental setup the ﬁnal tempera-
tures at the outer surface of the glass pods should be measured in
order to know how much heat loss and gain is obtained at the site of
stimulation. Having two separate cable packages (one for hot tubes
and one for cold tubes, not tied together) might be advantageous
because in that conﬁguration the interaction between hot and cold
is reduced and the ﬁnal temperatures are likely closer to those in
the water containers in the scanner control room.
e manual switches could be replaced with electromagnetic ones that in turn could
he device allows us to transmit three different temperatures to the ear (hot, cold,
ith hot in the left ear canal and cold in the right (circle depicts participant viewed
nd hot right. (b) Photograph of the stimulation device. Numbers refer to numbers
ed to water heating. (c) Ear protection with integrated stimulation pod. Two tubes
ted to place the pods inside the ear canal and put on the ear protection. Pods and
ce on the scanner bench. (For a color version of the ﬁgure the reader is referred to
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Fig. 3. Thermic measurements of temperature gradients of (a) hot, (b) cold, and (c) warm (mixture of hot and cold water) are presented. The measurements were performed
outside the scanner on a participant in supine position with a single pod plugged into one ear. Each line depicts the temperature curve for a single trial. For every condition
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Another factor that inﬂuences the difference between ﬁnal tem-
erature at the glass pod and the temperature of the water inside
he barrels is the temperature of the room where the calibration
r measurement is performed. Cool room temperature will proba-
ly lead to slight cooling of the hot water at the pods. This is not a
roblem per se if the stimulation is performed in the same room as
he calibration and if room temperature is held constant. If caloric
timulation is conducted in a different room (e.g. the MRI-scanner
oom) then the temperature of this room and the calibration room
hould be closely matched. The room temperature also has to be
ept constant across different participants in order to obtain com-
arable temperatures for stimulation (the same is true, of course,
or the water temperatures in the barrels).
.3. Effects of water ﬂow and temperature on the MRI-signalCaloric stimulation has been reported to induce MRI-artifacts
see Lobel et al., 1998) and it is known that temperatures can
odulate the MR-signal (Rieke and Butts Pauly, 2008). Thus,
e examined whether those effects are also present with ourd modeled the fMRI-response after the ﬁnal temperatures had been reached (i.e.
 the response phase. (For a color version of the ﬁgure the reader is referred to the
stimulation and if so, whether we would ﬁnd any artifacts. We
performed control experiments during which we attached the ear
protection with the stimulation pods to a spherical water phantom.
The pods were adjacent to the outer surface of the phantom. We
then conducted two measurements using time series as in our
vestibular stimulation experiment: In control experiment 1 we
had only two alternating conditions: warm water ﬂow and no
water ﬂow (all pipes closed). In control experiment 2 we used a
stimulation protocol with three conditions: hot left and cold right,
cold left and hot right, and warm on both sides (i.e. same as in the
fMRI-experiment with human participants). The stimulation was
carried out inside our 3-T MRI  head-scanner with a T2*-weighted
gradient echo planar imaging (EPI) sequence (same parameters as
in the vestibular experiment reported below). Data were analyzed
using a general linear model (GLM) approach. Boxcar functions
modeled each of the conditions over the full 30 s-trial period. Thus
this analysis was  carried out without assuming MRI-signal delays
or a speciﬁc signal-shape as in the case of blood-oxygenation-level-
dependent (BOLD)-responses. All data reported are thresholded
with a false-discovery-rate (FDR) of p < 0.001.
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.4. Caloric nystagmus
Nystagmus is a special type of eye movement that can occur
uring caloric stimulation (e.g. Deutschländer et al., 2002; Fasold
t al., 2002; Naito et al., 2003; Suzuki et al., 2001). Two  phases are
istinguished, a so-called slow phase with a slow shift of gaze in
ne direction and a fast phase with a re-centering saccade in the
pposite direction (this type of nystagmus is also referred to as jerk
ystagmus). During caloric stimulation with hot in one ear the eyes
lowly shift away from the side of hot stimulation to the contralat-
ral side (as during head rotation to the side of hot) followed by a
ast re-centering saccade in the opposite direction. In cold stimula-
ion the slow shift is in ipsilateral direction to the side of cold (as in
ead rotation away from cold) followed by a saccade beating away
rom cold. We  performed an experiment to control for the pres-
nce or absence of caloric nystagmus during CVS with and without
isual ﬁxation. An infrared-based eye-tracking system compatible
ith the MRI-environment (MR-Eyetracker, Cambridge Research
ystems, Kent, UK) was used to sample the horizontal position of
he right eye (frequency: 500 Hz) while a participant underwent
aloric stimulation (for details on the experimental design and trial
uration see below).
.5. Vestibular stimulation FMRI-experiment
.5.1. Participants
Thirteen participants (ﬁve females, 18–54 years old) were
canned in the vestibular experiment. All gave informed written
onsent and reported no previous psychiatric, neurologic, audi-
ory, or vestibular disease. The study was approved by the local
thics committee in accordance with the Declaration of Helsinki.
or caloric stimulation we  elevated participants’ heads slightly in
he scanner head coil (by using padding) to move the horizon-
al semi-circular canals in approximately vertical position (Barnes,
995).
.5.2. Vestibular stimulation
We  carried out a brief sequence of caloric stimulation. This
ncluded three trials with hot water left and cold water right,
hree trials with cold water left and hot water right, and six tri-
ls with warm in both ears (thus duration of the vestibular run
as ∼6 min). Trials of hot–cold alternated with warm trials and
he experiment started with a warm trial. The same trial sequence
as used for all participants. Every 30-s trial started with an
nset jitter (ranging from 500 ms  to 1 s). The scanner room was
arkened and visual stimulation was kept low except for a small
xation cross at screen center. The white cross turned to red dur-
ng the last 5 s of every trial thereby signaling to the participant
o make a button-press response with respect to the presence of
elf motion and its prominent direction. After response registra-
ion the cross ﬂickered brieﬂy, thereby signaling to the participant
hat his response was recorded. At trial onset we switched temper-
tures to either hot–cold or warm and they remained unchanged
ntil trial end. Participants were instructed to inspect for stable
ensations of self motion. In particular we asked them to identify
he direction of self motion. This resulted in a three-alternative
orced choice task in the response phase: if participants sensed
elf motion to the left they pressed button 1 with their middle
nger on the left buttonbox. If self motion was to the right they
ressed button 2 with their index ﬁnger on the left buttonbox.
n case of no self-motion sensation button 1 on the right button-
ox had to be pressed with the index ﬁnger of the right hand. We
nstructed participants to guess as best as they can the direction
f self motion if they experienced self motion but were uncer-
ain about its speciﬁc direction. Before the start of the experiment
articipants were familiarized with the different temperatures inscience Methods 235 (2014) 208–218
practice trials. No participant indicated stimulation to be painful or
uncomfortable due to the temperatures used. We  explicitly pointed
out that sensations of self motion may  be evoked by every applied
temperature. This was  to avoid a bias toward an association of
hot–cold and self motion and warm and no self-motion sensa-
tion.
2.5.3. Scanning parameters
A 3-T Allegra head scanner (Siemens, Erlangen, Germany)
equipped with a one-channel head-coil was used for MRI-data
acquisition. For each participant we  collected a high-resolution
T1-weighted image of the brain (160 sagittal slices) using a
magnetization prepared rapid gradient echo (MP-RAGE) sequence
(time-to-repeat TR = 2.25 s, time-to-echo TE = 2.6 ms,  ﬂip-angle
FA = 9◦, voxel-size = 1 mm × 1 mm × 1 mm,  no inter-slice gap, ﬁeld
of view FOV = 240 mm × 256 mm)  that was optimized for the
differentiation of gray and white matter by sequence-parameters
from Alzheimer’s disease Neuroimaging Initiative project
(http://adni.loni.ucla.edu). Functional images were acquired
with a standard T2*-weighted EPI-sequence (40 transverse slices,
TR = 2.3 s, TE = 30 ms,  FA = 90◦, voxel-size = 3 mm × 3 mm × 3 mm,
inter-slice gap = 0.5 mm,  FOV = 192 mm × 192 mm).
2.5.4. Analysis
Imaging data were analyzed in Freesurfer version 4.1 and
the FSFAST toolbox (Martinos Center for Biomedical Imaging,
Charlestown MA,  USA). The anatomical T1-image was used to
reconstruct and inﬂate every participant’s brain (Dale et al.,
1999; Fischl et al., 1999). All functional EPI-images were motion-
corrected (Cox and Jesmanowicz, 1999), coregistered to the
anatomical brain using the ﬁrst EPI-scan of every session, smoothed
with a three-dimensional Gaussian kernel (full-width at half-
maximum = 5 mm),  and intensity-normalized (Sled et al., 1998).
We excluded the ﬁrst ﬁve EPI-images (that contained blanks with
instruction) in every run to secure MRI-signal equilibrium.
Preprocessed functional data were analyzed using a GLM-
approach with a block-design. The GLM contained motion-
correction parameters as regressors of no interest and a scanner
drift predictor taking the shape of a second order polynomial. The
BOLD-response was  modeled with the SPM canonical hemody-
namic response function. Two  predictors for activation during self
motion (left + right) and no self motion were created. We  included
only correct trials, where participants’ perception matched the
physical conditions and the expected response. That is trials with
hot–cold stimulation and reported sensations of self motion (inde-
pendent of the direction) as well as trials with warm in both ears
and absence of self motion were used. Results show that on aver-
age only two  mismatching trials out of 12 trials in total had to
be excluded. The BOLD-response was  modeled only across the
15 s-long period of each trial during which temperatures were
at steady-state (see gray shaded area in Fig. 3). That is, neither
the initial 10 s-ramp nor the response phase (5 s) was  modeled. A
surface-based random effects-analysis was  calculated to estimate
group-activation during self motion vs. no self motion (or in other
words: caloric stimulation vs. baseline). We  expected this compar-
ison to yield activation in vestibular cortex including the putative
human homologue of primate area PIVC.
3. Results
3.1. Effects of water ﬂow and temperature on the MRI-signalFig. 4a shows the results of the contrast between water circula-
tion vs. no circulation (control experiment 1). Voxel-clusters with
stronger MRI-signal during circulation of water emerged next to
the left and right outer surface of the phantom (red voxels). Control
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Fig. 4. Effects of water circulation and different temperatures on the MRI-signal are shown. Using our caloric stimulation device a spherical phantom was  scanned during
conditions of water circulation and no circulation (Exp 1) as well as during circulation of hot, cold, and warm water (Exp 2). Functional EPI-images were smoothed with
a  5 mm full-width at half maximum Gaussian kernel and then analyzed with a general linear model approach using boxcar functions. Signiﬁcance maps are overlaid on
an  EPI-image of the phantom and smoothed. Shown are centrally centered coronal slices (L = left in image corresponded to left in head). Data were corrected for multiple
comparisons by a false discovery rate (FDR) of p < 0.001. (a) Circulation of warm water (red-yellow) vs. no water circulation (blue-cyan color). (b) Cold left and hot right
(red-yellow) vs. warm (blue-cyan). (c) Hot left and cold right (red-yellow) vs. warm (blue-cyan). (d) Hot left and cold right (red-yellow) vs. cold left and hot right (blue-cyan).
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xperiment 2 revealed that all three temperatures (hot, cold, and
arm) led to distinguishable MRI-signals at the location of the pods
Fig. 4b–d). Overall, cold led to a stronger signal than warm or hot,
oth of which had rather similar effects on the MRI-signal (i.e. no
ifference when hot stimulation was contrasted with warm stimu-
ation on either side, see Fig. 4b and c). However, when hot and cold
ere contrasted directly (Fig. 4d) clear signal differences emerged
ith again a stronger MR-signal for cold vs. hot. Importantly, each
f these effects was restricted to the outer surface of the phantom
nd did not extend substantially into the inside area (i.e. the area
hat would contain the brain in a participant). Accordingly, we  think
t is unlikely that our device induces artifacts in the functional EPI-
mages of the brain. Small, temperature-dependent artifacts are,
owever, evident in the immediate vicinity of the stimulation pods
nd adjacent tubes.
.2. Caloric nystagmus
Fig. 5 shows an example of eye-tracking data of a participant
P1) under conditions of vestibular stimulation in the dark without
entral ﬁxation (top) and with ﬁxation (bottom). Shown are trials
15 s long period with steady-state temperatures, see Fig. 3) during
hich participants reported self motion. Periods of nystagmus were
ost pronounced without central ﬁxation and remarkably reduced
hen a ﬁxation cross was presented (in the fMRI-experiment we
lways used a central ﬁxation target). In these terms our results
esemble those reported by Naito et al. (2003). In the example self-
otion trial without ﬁxation we stimulated with hot left and cold
ight. The participant reported self motion to the left. The slow-
hase of the horizontal nystagmus was to the right, i.e. ipsilateral
o the side of cold-water stimulation. This control measurement
ndicates that under our conditions with a central ﬁxation cross
vestibular fMRI-experiment), we expect less pronounced nystag-
us  eye-movements in our participants during caloric stimulation. the web  version of the article.)
3.3. Vestibular stimulation FMRI-experiment
Across participants we were able to use, on average, ﬁve
self-motion trials (SD = 1.1), where predicted (because of caloric
stimulation with hot in one ear and simultaneously cold in the
other) and reported sensations of self motion matched. For the
no self-motion, baseline condition (with warm in both ears), on
average, 5.5 trials (SD = 1.1) per participant were included in the
MRI-analysis. There was  no signiﬁcant difference in the number
of modeled self-motion and no self-motion trials (t(12) = −0.72,
p = 0.49).
Fig. 6 shows the activation for the contrast self motion vs. no
self motion in a surface-based random effects analysis overlaid on
inﬂated left and right hemispheres of the Freesurfer template brain.
Sensations of self motion evoked by CVS were associated in the
right hemisphere with activity in putative PIVC. In the left hemi-
sphere dorsal parietal cortex was activated. Bilateral activation was
also evident in supramarginal gyrus, frontal and supplementary
frontal eye-ﬁelds, anterior/middle insula, and in the inferior frontal
operculum. These results match closely to previously reported acti-
vations during vestibular stimulation (see Lopez and Blanke, 2011).
4. Discussion
We constructed a caloric stimulation device for MRI-compatible
vestibular stimulation. The device can be operated manually and
pumps hot, cold, and warm water to the left and/or right ear. A
small glass pod transmits the temperature of the water to the skin
surface of the ear canal before the water returns to a collecting
barrel in the scanner control room. The change in temperature is
predicted to stimulate primarily the horizontal semicircular vesti-
bular canal in the bony labyrinth because of close vicinity to the ear
canal. During bithermal stimulation with hot in one ear and cold
in the other participants reliably perceived self motion as head-
rotation to the left or right. Eye-movement recordings revealed the
216 S.M. Frank, M.W. Greenlee / Journal of Neuro
Fig. 5. Results of eye-movement recordings during vestibular stimulation under
conditions without central ﬁxation (top) and with ﬁxation (bottom) are presented.
The horizontal position of the right eye (in degrees visual angle) for one participant
(P1) is depicted for 15 s-long periods of steady-state temperatures (see gray shaded
area in Fig. 3) in two  trials with simultaneous self-motion sensation. Occasional
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modiﬁed in order to achieve optimal stimulation for different con-ertical lines reﬂect blinks. Overall, nystagmus eye-movements were pronounced
hen no central ﬁxation was  provided.
resence of caloric nystagmus during stimulation when no central
isual ﬁxation mark was presented (Fig. 5).
Our selection of temperatures for the hot, cold and warm stimuli
as carefully made to maximize the direction-speciﬁc sense of
elf motion (i.e. to the left or to the right), while the mixture of
ot and cold for baseline trials led to few reports of self motion
see above). Obviously, the temperatures used in any given experi-
ent will depend on many factors (e.g. stimulus duration, number
f trial repeats, etc.) and should be carefully determined by the
nvestigators. Each new set of temperatures should be calibrated
sing a thermal sensor in order to see how much temperatures
hange during transport from the water barrels to the ear pods.
lso, when performing the stimulation in a room different from
he room where the temperature calibration was conducted (e.g.
alibration in the control room, stimulation in the MRI-scanner),
he temperature of the two rooms should be closely matched. This
s because the room temperature will have an inﬂuence on how
uch the temperatures differ between water barrel and pod.
Compared to regular caloric stimulation devices our system
vercomes problems associated with water collection by using
 closed-loop system where the water is collected outside thescience Methods 235 (2014) 208–218
scanner and can be reused in later stimulation trials and/or experi-
ments. Differences in the EPI-images emerged for water circulation
and no circulation conditions (Lobel et al., 1998) and for the dif-
ferent temperatures used (Rieke and Butts Pauly, 2008). However,
these effects were limited to the location of the stimulation pods
and the inﬂux and efﬂux tubes thus making intrusion of artifacts
into the EPI-images of the brain unlikely. Our device can be used
inside and outside the scanner environment. It allows for multi-
ple, consecutive stimulation and baseline trials. Depending on the
distance between the water barrels and the participant, a tempo-
ral gradient required until temperatures reach steady-state has to
be taken into account. In our case with a distance of ∼10.5 m the
interval was 10 s. The temporal lag and plateau of hot, cold, and
warm remained constant across different trials. The position of the
stimulation pods can be adjusted easily inside the ear protection
thus making stimulation possible with differently sized ears and
ear canals. We  used 30 s-long stimulation trials during which time
approximately 0.5 l of water circulated. The stimulation was  kept
short in order to avoid overstimulation of the vestibular system that
would have evoked self-motion sensations outlasting the period
of stimulation. The baseline trial in between two caloric stimu-
lation trials could be prolonged (e.g. from 30 to 60 s) in order to
avoid slight variations in the baseline temperature due to preced-
ing caloric stimulation with hot/cold and to allow the vestibular
organ to reach steady-state levels. The distilled water can be stored
and reused in later experiments. All components of the device are
easy to construct. The raw material is inexpensive and was acquired
off-the-shelf from a local hardware store. The pumps are made
commercially for use in home aquariums. The glass pods used for
temperature application in the ear canal were produced by a glass-
blower. Alternatively, they could be manufactured by shortening a
thin-walled test tube to ﬁt.
Vestibular stimulation during fMRI-scanning in 13 participants
yielded a large cluster of activity deep in lateral sulcus of the right
hemisphere. We  assume this cluster of activation to be the puta-
tive human homologue of the core vestibular area PIVC in primates.
A right-hemisphere dominance of the possible human PIVC is in
line with previous ﬁndings (see Eickhoff et al., 2006; Lopez et al.,
2012a; zu Eulenburg et al., 2012). Other cortical vestibular acti-
vations are in agreement with previous reports and support the
validity of stimulation with our method.
In a few trials of the fMRI-experiment the reported subjective
sensation did not match our expectation: participants indicated
an absence of self motion during caloric stimulation or reported
self motion during baseline. Failure to report self motion when
caloric stimulation was  performed might have happened because
the perceived intensity of self motion was too low to surpass a sub-
jective threshold. False positives, i.e. reported self motion during
bilateral warm water (baseline) stimulation, might be the result
of carry-over effects of a previous caloric stimulation trial. We
think the exclusion of “error” trials makes our MRI-comparison
between activity recorded during caloric and baseline more valid:
only caloric stimulation trials are included where the sensation of
self motion was above a certain threshold (in other words, trials
where the vestibular response had a certain minimum intensity
level). Results from these trials were compared to baseline trials
where the vestibular system was not or only weakly stimulated
leading to an absence of any self-motion percept.
Finally, we  want to discuss some advantages and disadvantages
of our device and, more generally, vestibular caloric stimula-
tion. Our device is low-cost and can be easily constructed and
maintained. Components can be replaced and the system can beditions (e.g. patients vs. healthy participants, unilateral vs. bilateral
stimulation, variable distances between control room and partic-
ipant in the scanner). The temperature stimulus is mild and not
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Fig. 6. Functional activation in 13 participants during the vestibular experiment is depicted. (a) Surface-based random effects group-analysis for the comparison of self
motion (caloric stimulation, red-yellow) vs. no self motion (baseline, blue-cyan). Signiﬁcance maps are overlaid on left and right inﬂated hemispheres of the Freesurfer
template-brain and presented with a threshold of p < 0.001 (uncorrected). On the lateral side of the right hemisphere stronger activation during self motion was  apparent in
putative parieto-insular vestibular cortex (pPIVC). In the left hemisphere clusters of activity were observed in dorsal intraparietal sulcus (DIPS). In both hemispheres activity
w ferior
b terpre
w
p
w
l
y
a
a
u
c
(
S
s
t
g
s
e
p
b
s
c
u
b
a
c
w
p
a
t
u
w
r
l
b
2
t
eas  also evident in supramarginal gyrus (SMG), anterior/middle insula (AI & MI), in
rain  the supplementary frontal eye-ﬁelds (SEF) were bilaterally activated. (For in
eb  version of the article.)
erceived as painful making our system suitable for application
ith patients and healthy participants. In addition, caloric stimu-
ation elicits clear sensations of rotation (especially in the roll- and
aw-planes) to the left or right dependent upon the side of the hot
nd cold stimuli. Our participants described self motion as rotation
way from the side of cold stimulation toward the side of hot stim-
lation (see also Fasold et al., 2002). That makes our system and
aloric stimulation suitable for the combination with visual stimuli
Deutschländer et al., 2002; Frank et al., submitted for publication).
ensations of rotational self-motion to the left or right due to caloric
timulation can be combined with coherent visual motion either in
he same or different directions in order to create conditions of con-
ruent and incongruent visual–vestibular interactions (Frank et al.,
ubmitted for publication; see also Loose et al., 1999 and Probst
t al., 1995, for a similar approach but with inertial motion of a
latform for vestibular stimulation). Thus, our caloric device can
e used to examine conditions of combined visual and vestibular
timuli where the directions of visual and vestibular motion are
omparable and can be modulated by the experimenter. A delay
ntil temperatures are at steady-state (with our setup: ∼10 s) has to
e taken into account in the design of such visual–vestibular inter-
ction experiments. During that delay 100% random visual motion
ould be presented, which then switches to e.g. 90% random motion
ith 10% coherent motion intermixed (Frank et al., submitted for
ublication).
However, our device and caloric stimulation in general have
lso drawbacks: our system requires a temporal gradient before
he temperatures are at stable states and constant vestibular stim-
lation is provided. Thus, it is only suitable for fMRI block-designs,
hich are much slower than popular and more efﬁcient event-
elated imaging protocols. Galvanic stimulation, on the other hand,
eads to instantaneous stimulation of the vestibular system and is
etter suited for (fast) event-related fMRI-designs (see Smith et al.,
012, for an example). A disadvantage of galvanic stimulation is
hat other sensory systems are electrically co-stimulated to some
xtent (e.g. leading to a pricking pain behind the ears or to faint frontal operculum (IFO), and the frontal eye-ﬁelds (FEF). On the medial side of the
tation of the references to color in this ﬁgure legend, the reader is referred to the
auditory sensations; Lopez et al., 2012a), which is absent in caloric
stimulation. In galvanic stimulation tactile stimulation can occur
at the electrode site, whereas in caloric stimulation thermosensors
in the ear canal are co-stimulated. Thus, in both methods activity
especially in somatosensory cortex might be evoked that is not due
to vestibular stimulation but due to stimulation of other sensory
systems.
In conclusion we suggest that our caloric stimulation device
can be recommended particularly for use in sensitive participant
groups (including patients where vestibular functioning should be
tested) and in studies where the interaction between the vesti-
bular and visual (or other sensory) systems is examined. In those
circumstances our new caloric stimulation device becomes an efﬁ-
cient and convenient method for vestibular stimulation especially
during fMRI-scanning or other types of functional brain imaging.
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